Leptospirosis, caused by Leptospira, is one of the most important of neglected emerging zoonotic diseases that has important impacts on public health worldwide. Polyclonal antibody (pcAb) therapy is a potential method to process a series of pathogens for which there are limited determination of treatment, such as leptospirosis. First, we evaluated the efficacy of pcAb, derived from the sera of rabbits inoculated with Leptospira, against homotype (Leptospira interrogans serovar Lai) or heterotype (Leptospira interrogans serovar Autumnalis) Leptospira infection in a lethal hamster model. The pcAb treatment improved survival compared to the controls. The histopathology's of the infected kidney, liver and lung were also examined by hematoxylin and eosin staining. Using real-time quantitative PCR, we determined that most of the leptospires in the primary organs were almost completely removed by pcAb. In the second experiment, treatments, including antibiotic, pcAb, and combination, were started immediately after occurrence of the first serious sickness mouse in any group. No significant difference in survival rate between pcAb group and antibiotic group was found, but the combination therapy group significantly improved survival rate compared to the others (P<0.05). We conclude that the rabbit pcAb treatment may cure both the homotype and the heterotype lethal Leptospira infections in hamster, and combination therapy improved survival compared to antibiotic group in the late treatment of homotype leptospirosis.
Introduction
Leptospirosis, caused by Leptospira, is one of the most important neglected emerging zoonotic diseases has great impacts on public health worldwide. Onset of Leptospirosis is in diverse epidemiological settings and more common in vulnerable populations living in poor conditions, such as rural residents and urban slum people [1] [2] [3] [4] [5] [6] . Leptospirosis is one of the heading zoonotic causes of morbidity globally, and mortality rate is observed [7] . In many areas, leptospirosis is considered a major contributor to pulmonary hemorrhage and acute kidney injury [8] [9] [10] [11] .
Currently, antibiotic therapy is the most commonly used treatment against leptospirosis. However, antibiotics residue and the probability of multidrug resistance are concerns, which may influence the safety of patients while using the antibiotic therapy. For example, James E. Moon and Zhang W reported that nearly all animals exhibited diarrhea after some types of antibiotic therapies [12, 13] . Therefore, an urgent need exists for novel therapeutic agents directed against Leptospira without severe side-effects.
In 1890, von Behring found that the immune rabbit sera were able to protect infected mice from diphtheria or tetanus. By 1894, anti-diphtheria serum was used in humans in Europe [14] . Phisalex and Bertrand proved that the blood of animals immunized with a European viper had antitoxin effects [15] . Serum therapy was also implemented in clinical use for bacterial infections including pneumococcal infection, meningococcal disease and streptococcal infection (scarlet fever) [16, 17] . Due to sickness and anaphylaxis of the serum, antibiotics against bacterial infections were widely used in the 1940s, which replaced the use of serum therapy [16] . Subsequently, however, enzymatic digestion and purification techniques were rapidly developed, providing safer polyclonal antibody (pcAb) therapies for many diseases, such as envenomation, rabies exposure, varicella-zoster virus infection, respiratory syncytial virus and hepatitis A and B [17] . Currently, some animal studies demonstrated the efficacy of pcAb treatment for curing a variety of neglected tropical viral diseases. Passive immunization of Nipah virus glycoproteins protected hamsters against a lethal challenge by Nipah virus [18] . Polyclonal IgG given 48h after Ebola virus challenge provides complete protection in nonhuman primate [19] . And other studies of various animals including mice, monkeys and guinea pigs showed that purified immunoglobulin G (IgG) from horses prolongs survival period against Ebola virus [20] [21] [22] [23] [24] [25] .
Polyclonal serum therapy is a potential method to process a series of pathogens for which there are limited determination of treatment, such as leptospirosis. In 1986, S. Faine reported that administration of a monoclonal antibody from Balb/c mice before and after challenge with virulent homologous leptospires passively prevented lethal leptospirosis in new born guinea pigs [26] . It was reported that a rabbit polyclonal antibody, given before challenging with leptospires, protects hamsters against the homologous serotype Leptospira infection [27] . However, few studies regarding protection against the heterologous serotype Leptospira infection were performed, and in these few studies, treatment was initiated prior to challenge. We propose that pcAb can protect against the homologous serotype Leptospira infection, but doubt the efficacy of pcAb against the heterologous serotype Leptospira infection. By comparing the survival rate, histological features and bacterial load between the control group and experimental group, we examined the effect of polyclonal anti-Leptospira antibody against leptospirosis in a hamster model. In addition, in the second experiment, we tried to start treatment immediately after occurrence of the first serious sickness mouse in any groups and compare the effects between antibiotic, pcAb and combination against homotype Leptospira infection.
Materials and methods

Ethics statement
All animals were maintained on standard rodent chow with water supplied ad libitum with a 12/12h light/dark cycle during experimental period. 
Leptospires
Leptospira interrogans serovar Lai (56601) and Leptospira interrogans serovar Autumnalis (56606), two significant pathogenic Leptospira in China, were from Dr. Xiaokui Guo. In all experiment, the low passage cultures were obtained from hamster tissue infected by leptospires.
Animal models
Leptospirosis models in hamsters were established as previously reported [13] . Briefly, female golden Syrian hamsters (Mesocricetus auratus), 3-4 weeks of age and weighing 40-60 g were obtained from the Animal Center of Jilin University. The modified absolute lethal dose (MLD100) was obtained by challenging groups of 4 hamsters with 10-fold serial dilutions containing 10 7 to 10 1 leptospires in 1 ml volume via intraperitoneal injection, and the result showed that the MLD100 of 56601 and 56606 were approximately 10 7 and 10 6 organisms, respectively. The 7-day mortality rate of was 100% after challenge with leptospira. All golden Syrian hamsters were challenged by intraperitoneal injection with 0.5 ml of EMJH (Ellinghausen-McCullough-Johnson-Harris) liquid medium containing 10 7 56601 or 10 6 56606, which were determined using a Petroff-Hausser counting chamber under dark-field microscope.
Rabbit immunization
As previously described [28] , each rabbit was injected intravenously into the ear vein with a dose of well-grown 56601 containing approximately 2-4×10 8 leptospires/ml according to the following schedule: day 1, 1 ml; day 6, 2 ml; day 11, 4 ml; and days 16 and 21, 6 ml each. One week after the last injection, antisera were collected by centrifuging clotted blood at 3,000 g. Normal sera were collected from normal rabbits.
Microscopic agglutination test (MAT)
The antisera titer was determined by MAT [28] as follows: well-grown 56601 was used as an antigen. The serum was heated at 56˚C for 30 min to inactivate the complement. Serial twofold dilutions of the sera, starting with a dilution of 1:25, were mixed with an equal volume of 56601 in a microtiter plate. After incubation at 30˚C for 2 hours, the antiserum was performed for agglutination using dark field microscopy. Final titers represent the reciprocal of the highest serum dilution showing at least 50% agglutination of antigen in the suspension [29] .
Purification and characterization of antibody
The IgG of pcAb (IgG-pcAb) and normal antibody were purified using the caprylic acid ammonium sulfate precipitation method of McKinney and Parkinson from the antisera and normal sera, respectively [30] . The concentration of the IgG-pcAb and normal antibody were determined with the BCATM Protein Assay Kit (Thermo, USA) and adjusted to a final concentration of 20 mg/ml with phosphate buffered saline (PBS). The antibodies were stored at -20˚C until used for treatment. The titer of IgG-pcAb was determined by ELISA using microtiter plates that had been previously coated with leptospires (10 7 leptospires/well). The antibody titers were defined as the highest dilution with an absorbance value (OD450) of more than twice blank control.
Therapeutic trials
In the first experiment, IgG-pcAb were diluted with normal saline to different necessary concentrations, such as 8, 4, 2, 1, 0.5 and 0.25 mg/ml, for the following experiment. Hamsters, infected with 56601, were randomly divided into 7 groups (n = 8/group). Five groups were treated with IgG-pcAb at 16, 8, 4, 2, 1 and 0.5 mg/kg each, whereas the remaining 2 groups were the control groups, including a normal saline group and a normal antibody group. Hamsters in normal antibody group were administered normal antibody at 8 mg/kg. Subsequently, to evaluate the efficacy of the IgG-pcAb against Leptospira interrogans serovar Autumnalis (56606) infection, we randomly divided the hamsters (infected with 56606) into 3 groups (n = 8/group). Hamsters in the pcAb group were treated with 8 and 16 mg/kg of IgG-pcAb. Hamsters were subjected to subcutaneous injection once daily from day 3 to day 7 after challenge.
In the second experiment, hamsters infected with 56601 were started treatment immediately after occurrence of the first serious sickness mouse (appeared moribund) in any groups and compare the effects between antibiotic (n = 10/group), pcAb (n = 10/ group, 16 mg/kg via subcutaneous injection) and combination (antibiotic + pcAb, n = 10/group) against homotype Leptospira infection. Doxycycline at 5mg/kg (via intraperitoneal injection) of weight was used in antibiotic therapy. The dose administration of the remaining control groups (normal serum group and normal saline group) was as described above. Hamsters were administrated once daily for 5 days.
Remarkably, all hamsters were administrated a similar volume of drug, approximately 100 μl. After challenge with leptospires, all hamsters were observed no less than 3 times per day for a period of 21 days, during which serious sickness mouse appeared moribund was observed and then was humanely euthanized by CO 2 . The number of dead hamsters was recorded. The primary organs (liver, kidney, and lung) of the dead hamsters were collected. On day 21, the surviving hamsters were humanely euthanized by CO 2 , and the primary organs (liver, kidney, and lung) were also collected for the following experiments. The protective efficacy after challenge was determined in two independent experiments.
Histology
The kidney, liver and lung of the surviving hamsters infected 56601 or 56606 from the pcAb group (8mg/kg) and dead hamsters from the control groups were fixed with 4% paraformaldehyde for 24 hours at room temperature and then embedded in paraffin and sectioned at a thickness of 4 μm. Pathological changes of organ slices were examined by hematoxylin and eosin (H&E) staining, and the organ injury index (the injured area/total organ area x100%) was calculated for each slice. The severity of leptospire induced lesions was graded as previous description [31] .
Real-time quantitative PCR assay
To measure the leptospiral load, leptospires from primary organs (kidney, liver and lung) were quantitatively measuring by quantitative PCR (qPCR). Eight control samples were randomly selected from control groups, and samples of pcAb group were from all hamsters treated by 8mg/kg pcAb. As described previously [13] , tissue samples (0.09-0.15 g) from the organs were homogenized in 1 ml of sterile normal saline on ice and then centrifuged (1300 g, 10 minutes). Then DNA was extracted from the supernatants, after which the DNA concentration was determined by spectrometry. The qPCR assays were performed using previously published primers, optimized reaction mixtures and cycling parameters [32] . Establishing a standard curve analyzed by serial dilutions (10 9   -10 2) of DNA contributed to calculate the number of bacteria in the organ. Bacterial load was expressed as the amount of genome equivalents per μg kidney, liver and lung DNA [33] .
Statistical analysis
Kaplan-Meier plots for all groups were used to calculate the survival rate. Comparison of survival time between groups was analyzed using the log-rank test. P values <0.05 were considered significant. The average tissue scores for each group of hamsters were calculated by Tukey-Kramer pairwise analysis and P<0.05 was considered statistically.
Results
IgG-pcAb recognizes leptospires with high titer
As shown in the Table 1 , the titer of antisera against the live homologous serotype Leptospira (56601) was 3200 by MAT while normal serum did not occur agglutination (Table 1) . IgGpcAb interacted with 56601 or 56606 with high titer, ranging from 2 26 and 2 21 (Fig 1) . Obviously, this IgG-pcAb was also able to react with 56606, a heterologous serotype leptospira. These results suggested that IgG-pcAb generated in this study was able to recognize 56601 and 56606 in vitro.
IgG-pcAb plays a positive role in survival
In the first experiment, after challenge with 56601, hamsters in the two control groups all died between day 5 to day 8. There was no significant difference between the normal saline group and normal antibody group. Therefore, the normal rabbit antibody did not interfere with survival based on the current evidence. Additionally, 16, 8, 4 and 2 mg/kg of IgG-pcAb significantly improved survival compared to controls, but the other 2 pcAb groups (1 and 0.5mg/kg) did not show improved survival. In particular, survivals of the16 and 8 mg/kg groups were 100% (Fig 2A) . Consequently, pcAb treatment improved survival in a dose-dependent manner. As shown in Fig 2B, the normal saline group as not significantly different from the normal 
antibody group. Notably, the first serious sickness mouse occurred in the normal saline group on day 4 after challenge with 56606. However, pcAb treatment was also significantly efficient for improving the survival of the hamsters infected with 56606, but there were also limited lethality during heterologous leptpspiral infection. In summary, pcAb treatment improved survival compared to controls, but may not protect hamsters from heterologous infection completely. In the second experiment (Fig 3) , survival curves of hamsters receiving pcAb or antibiotic were not significantly different. Survival rates of pcAb and antibiotic group were 10% and 20%, respectively, but half of hamsters treated with combination survived at the end of 21 days. Combination therapy significantly improved survival compared to the two control groups (P<0.05), but pcAb and antibiotic did not. The results showed that survival rates in hamsters receiving the combination therapy were higher than those receiving antibiotic or pcAb alone.
Histopathological changes
Representative photographs are from survived hamsters in pcAb group (8mg/kg), and from dead hamsters in control groups, regardless of 56601 infection or 56606 infection. Kidney, liver and lung lesion grades were lower in the pcAb group than in the infected controls ( Fig  4A) . There is significant difference between control group and pcAb group in histopathological scores (Fig 4B) . Hemorrhages appear in renal tissues of control hamsters, but not in kidneys of the pcAb (8 mg/kg) treatment group (Figs 4Ca and 3Cd) . Tight junction defects, areas of necrosis and inflammatory infiltration were observed in the livers of control hamsters. There were hepatic tight junctions and decreased necrosis in livers of hamsters treated with IgG-pcAb (Figs 4Cb and 3Cd ). Hemorrhages were also observed from pulmonary tissues of controls. Moreover, we observed interstitial pneumonia with hyperemia of alveolar and mononuclear cell infiltration. However, there was little evidence of interstitial pneumonia and hemorrhages in lungs of surviving hamsters from the pcAb (8 mg/kg) group (Figs 4Cc and 3Cf) .
IgG-pcAb reduces leptospires burden of organs
Eight samples from control groups were randomly selected from dead hamsters in the normal antibody group and normal saline group. In both pcAb (8 mg/kg) groups, there were several negative samples, and the leptospires burden of the other samples was low, including the dead hamster infected with 56606. Therefore, for both the 56601 and the 56606 infection experiments, most of the leptospires in the 3 primary organs were almost completely removed by IgG-pcAb (Fig 5) .
Discussion
First, this study reports the efficacy of a rabbit polyclonal antibody against a homologous and heterologous serotype Leptospira infection in hamster models by assessing the survival rate and leptospiral load in primary organs. The pcAb treatment significantly improved survival in a dose-dependent manner when used to treat 56601 infection. In particular, the survival rate of the highest-dose (16mg/kg) and the second highest-dose (mg/kg) group was 100%. Therefore, a reference dose of IgG-pcAb was provided for treating human or dog leptospirosis. Regardless of whether there was a 56601 infection or a 56606 infection, the pathological injury of organs (kidney, liver and lung) was alleviated, and leptospires in the kidney, liver and lung were almost completely removed compared to the controls. A monoclonal antibody from Balb/c mice or a rabbit polyclonal antibody protected animals from homologous lethal leptospirosis Efficacy of IgG-pcAb (16 mg/kg), antibiotic (doxycycline, 5mg/kg) and combination (pcAb plus antibiotic) were evaluated in treating acute and late homologous (56601) leptospirosis. Survival differences between study groups were compared using the logrank test. *P<0.05 vs. the control group. doi:10.1371/journal.pntd.0005191.g003 [26, 27] . We conclude that the IgG-pcAb derived from rabbits immunized with 56601 can protect hamsters against 56606 infection, a heterologous serotype leptospirosis, but not completely. This provides the possibility of studying of multi-serotype antibodies. In addition, B. H. Jost [26] used a monoclonal antibody 1 hour before challenging with homologous Leptospira, and Toshiyuki Masuzawa [27] administered the antibody 38 days before challenge with homologous Leptospira. We did not treat hamsters before the challenge, but after 48 hours of the challenge, we started treatment. And in the second experiment, combination (pcAb plus antibiotic) after occurrence of the first serious sickness mouse improved survivals compared to pcAb group or antibiotic group. James E. Moon and Zhang W reported that imipenem and ertapenem induced diarrhea in nearly all hamsters after treatment with these drugs [12, 13] . IgG purified from pcAb by caprylic acid ammonium sulfate precipitation method was used for the treatment, as most of extra serum components that may inducing side effects were removed before immunization, it was safer. To assess whether IgG-pcAb was harmful to healthy hamster, a group (n = 10) of healthy hamsters were injected with IgG-pcAb (16 mg/kg). After 21 days, none of hamsters had any clinical symptoms. The activity and appetite of hamsters were also normal (date not show). However, the excellent efficiency of the antibiotic is beyond doubt. For example, cefepime was reported for use in human leptospirosis [34, 35] . Therefore, polyclonal antibody treatment and antibiotic therapy can be used together to treat leptospirosis.
This study demonstrates the efficacy of a rabbit polyclonal antibody measured by survival rate, pathological changes and Leptospira burden. The IgG-pcAb can cure the homologous serotype and heterologous serotype Leptospira lethal infection 48 hours after challenge. We also provide a reference dose of IgG-pcAb for treating human or dog leptospirosis. And combination therapy with antibiotic increased survival in homotype leptospiral infection in the late treatment. These results showed the excellent efficacy of IgG-pcAb, which may be a new option for therapy in the future. However, additional clinical research is needed to identify the efficacy in humans. 
